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ϩ (2Na ϩ ):2K ϩ (2NH 4 ϩ )-per-ATP models fit the experimental data well. Using both models, we simulated ion net fluxes as a function of cytosolic or luminal ion concentrations typical for the cortical thick ascending limb and MD region. We observed that 1) K ϩ and NH 4 ϩ flowed in the lumen-to-cytosol direction, 2) there was competitive behavior between luminal K ϩ and NH 4 ϩ and between cytosolic Na ϩ and H ϩ , 3) ion fluxes were highly sensitive to changes in cytosolic Na ϩ or H ϩ concentrations, and 4) the transporter does mostly Na ϩ /K ϩ exchange under physiological conditions. These results support the concept that nongastric HKA may contribute to Na ϩ and pH homeostasis in MD cells. Furthermore, in both models, H ϩ flux reversed at a luminal pH that was Ͻ5.6. Such reversal led to Na ϩ /H ϩ exchange for a luminal pH of Ͻ2 and 4 in the 1:1-per-ATP and 2:2-per-ATP models, respectively. This suggests a novel role of nongastric HKA in cell Na ϩ homeostasis in the more acidic regions of the renal tubules. nongastric ATPase; H ϩ -K ϩ -ATPase; mathematical model; Na ϩ homeostasis; macula densa cell BOTH THE GASTRIC and nongastric or colonic isoforms of H ϩ -K ϩ -ATPase (HKA) are expressed in the kidney (15, 18, 45) . Specifically, gastric HKA is mainly expressed in intercalated cells of both the collecting duct and connecting duct in rats (2, 8, 13) . This isoform seems to be responsible for normal K ϩ reabsorption and H ϩ secretion that contribute to the maintenance of body K ϩ and acid-base balance. On the other hand, nongastric HKA has been identified by different means in the rat and rabbit collecting duct, connecting duct, and cortical thick ascending limb (TAL) of Henle (3, 18, 27, 40) and in the distal convoluted tubule of rats (3, 27) . In addition, nongastric HKA was immunologically identified in macula densa (MD) cells of rabbits by Verlander et al. (40) . This isoform is highly expressed under K ϩ or Na ϩ deprivation (3, 27) or under changes in acid-base balance, such as chronic metabolic acidosis (8, 9, 18) . Moreover, studies have supported the idea that nongastric HKA plays a role in cellular Na ϩ homeostasis by extruding Na ϩ instead of H ϩ (9, 10, 17, 29) . A study (34) in rabbits has shown that MD cells have low Na ϩ -K ϩ -ATPase activity in the basolateral membrane compared with adjacent TAL cells, which suggests that rabbit MD cells may have an additional mechanism of Na ϩ extrusion. The fact that these cells have an apical H ϩ (Na ϩ )-K ϩ -ATPase suggests that it may be involved in Na ϩ homeostasis in rabbit MD cells (29) . However, a study (23) in nongastric HKA knockout mice found that tubuloglomerular feedback responses (where MD cells have a NaCl-sensing role) are similar to those in wild-type mice. Moreover, this study also demonstrated that tubuloglomerular feedback responses in mice are critically dependent on MD cell basolateral Na ϩ -K ϩ -ATPase. Motivated by these findings, and to begin an analysis of Na ϩ homeostasis in MD cells, we developed two mathematical models that describe ion fluxes through a nongastric HKA. The main difference between the two models is the stoichiometry: 1H ϩ :1K ϩ per ATP versus 2H ϩ :2K ϩ per ATP. In addition, the models include Na ϩ and NH 4 ϩ competitive binding with H ϩ and K ϩ , respectively, a characteristic observed in vitro and in situ (9, 29) . Model results showed that both 1H ϩ (1Na
)-per-ATP and 2H ϩ (2Na ϩ ):2K ϩ (2NH 4 ϩ )-per-ATP models fit the experimental data well (R 2 values were 0.95 and 0.93, respectively). These nongastric HKA models will be essential elements in models of cells that express nongastric HKA, such as MD cells.
MATHEMATICAL MODEL AND METHODS
The H ϩ (Na ϩ )-K ϩ (NH4 ϩ )-ATPase kinetic model ( Fig. 1) is based on the kinetic diagrams of Weinstein (43) and Cain et al. (8) . As in the diagram in Ref. 8 , we omit ATP binding to the enzyme before the lumen-to-cytosol translocation. The assumptions made in Ref. 8 regarding ATP binding are based on the crystal structure and modus operandi of Ca 2ϩ -ATPase (38, 39) and its homology to H ϩ -K ϩ -ATPase, both of which are part of the P-type ATPase family.
Additional model assumptions are as follows: 1) Na ϩ and H ϩ compete for the same site; 2) NH 4 ϩ and K ϩ compete for the same site; 3) conservation of enzyme; 4) ATP, ADP, and Pi association/dissociation kinetics are similar to 3Na ϩ :2K ϩ per ATP at neutral pH. In this regard, based on electron cryomicroscopic experiments of the structure of gastric HKA at low pHs and on the amount of radioactive Rb ϩ bound to vesicles rich in this enzyme as a function of bath pH, Abe et al. (1) suggested that gastric HKA has two cation-binding sites: one with low pKa and one with high pKa, resulting in the activation of one site at low pHs and the activation of two sites at higher pHs. Nonetheless, their radioactive Rb ϩ -binding experiments also suggested the dimerization of two gastric HKA ␣-subunits at near-to-neutral pH, as suggested by Shin and coworkers (35 (9, 10, 12, 17, 32) . In addition, although amino acid comparison and phylogenetic analysis have shown that the ␣-subunit of nongastric HKA is related to both gastric HKA and Na
, it is even closer to the ␣-subunit of gastric HKA (11) . Furthermore, pharmacological profiles have suggested that rat nongastric HKA shares more similarities with rat Na (9) , and the rabbit gastric ␤-subunit (rg␤HKA). They observed that the H ϩ net flux was ϳ10% of that of K ϩ when Na ϩ was present in the medium. In subsequent experiments, Grishin and Caplan (17) measured 86 Rb ϩ influx and Na ϩ efflux in HEK-293 cells transfected with the hATP1AL1-rg␤HKA complex and observed that the Na ϩ net flux was ϳ50% of that of K ϩ , which led us to think that the remaining 50% of the K ϩ net flux is concurrent to H ϩ exchange. It is noteworthy that the combination of two subunits from different species in Refs. 16 and 17 might cause species-specific variations in the enzyme activity profiles. Nonetheless, results obtained by Crambert et al. (12) suggested that the 86 
Rb
ϩ uptake activity of the hATP1AL1-rg␤HKA complex is similar to that of the hATP1AL1-hNKA␤1 complex (hNKA␤1 is the human Na Kraut et al. (21) showed that the nongastric HKA ␣-subunit is associated with the Na ϩ -K ϩ -ATPase ␤1-subunit in the rat kidney. Motivated by the findings in the H ϩ -to-K ϩ flux ratio in Refs. 16 and 17, we included a constraint in the optimization problem that finds model rate constants (see Optimization problem) such that the model fits the experimental data with parameters that maintain the H ϩ -to-K ϩ flux ratio within experimental values. This is done by allowing the H ϩ -to-K ϩ flux ratio to vary within a large range that encompasses the 0.1 and 0.5 net flux ratios reported in Refs. 16 and 17, respectively. In addition, to our knowledge, the NH 4 ϩ -to-K ϩ flux ratio in nongastric HKA has not been estimated. Therefore, the optimization problem does not include a constraint for this ratio.
Mathematical model of H
By applying the Principle of Mass Action to the kinetic model shown in Fig. 1 
where k X lc and k X cl are the translocation rate constants with X bound from the lumen to cytosol and the cytosol to lumen (where X is Na Table 1 ). To fit the model to the experimental data (see Optimization problem below), we defined the model ATPase activity (J X model , where X is K ϩ or NH 4 ϩ ), i.e., net Pi release, as follows: 4 ϩ -free medium (squares in Fig. 2 ) and a K ϩ -free medium (circles in Fig. 2 within the interval [10 Ϫ6 , 1] when squared). 2 We should mention that we fit the model to the data reported by Codina et al. (9) , and, in that study, the authors obtained ATPase activity of nongastric HKA expressed in apical membranes of the rat distal colon, which were submerged in different bath [ Table 1 ). Now, the optimization problem can be written as follows:
subject to 10
where k is the vector of unknown rate constants; kL and kU are lower and upper bounds of the parameters in k, respectively; the inequality is taken element by element; and the bounds are prescribed (Table 2 ).Ĵ i,j model is computed using Eq. 6 at the corresponding concentrations of the experimental fluxes (i ϭ 1 corresponds to X ϭ K ϩ and i ϭ 2 corresponds to Table 1 . Numeric methods. We combined two numerical methods to solve the problem in Eqs. 7-9: the first method, simulated annealing (SA) (28) , is a technique that makes a rigorous exploration of a large parameter space and finds satisfactory, rather than optimal, solutions analogously to a physical annealing process (24) ; the outcome of the first method is then used to start the iteration of a descent method, which is one that seeks a minimum in the direction of the derivative of the function in Eq. 7 under the constraints in Eqs. 8 and 9 (fmincon function in MATLAB). In both methods, for every candidate k, the HKA model in Eq. 1 is, first, solved as a function of the ion concentrations in Experiments 1-4 in Table 1 to obtain model ATPase activities,Ĵ i,j model , using Eq. 6, and, second, solved using the ion concentrations in H ϩ -to-K ϩ net flux ratio in Table 1 to obtain the net fluxes, J H net and J K net , using Eqs. 3 and 4, respectively. We implemented and solved the ATPase mathematical model in Eq. 1 and the optimization problem in Eqs. 7-9 in MATLAB using a Mac box with a 2.4-GHz Intel Core 2 Duo processor and 4-GB 1,067-MHz DDR3 memory. In addition, we executed the SA-descent algorithm 100 times, independently, for both the 1H ϩ (1Na ϩ ): Table 1 . Table  2 includes the model parameter ranges used to solve the optimization problem in Eqs. 7-9, the 1:1-per-ATP and 2:2-per-ATP model optimal parameter sets, which were obtained by solving the optimization problem in Eqs. 7-9 for each model, and the parameter values reported in Refs. 6 and 43 in their respective HKA models. Table 3 includes the halfmaximal concentrations (C 50 ) for the 1:1-per-ATP and 2:2-per-ATP model data sets shown in Fig. 2 . To obtain these C 50 values, each model data set shown in Fig. 2 was fitted using Eq. 38 as described in Normalization methods in the APPENDIX.
As shown in c is the cytosol, l is the lumen, cl is cytosol-to-lumen movement, and lc is lumen-to-cytosol movement. *Parameter range for the optimization problem in Eqs. 7-9; †solution of the optimization problem in Eqs. 7-9 using experimental data from a nongastric ATPase and a 1:1-per-ATP or 2:2-per-ATP stoichiometry; ‡parameters computed using the thermodynamic restrictions in Eqs. 35-37. imental measurements of the on and off binding rate constants of these two ions in nongastric HKA. The model outcomes shown in Fig. 2 , B and D, gave a poor approximation for the 5 mM K ϩ plot datum identified with the arrow (square where bath [Na ϩ ] is 20 mM). In both Fig. 2, B and D, notice that this datum is an outlier for both hyperbolic (B) and sigmoidal (D) curves. Even when we extended the range of the parameters in both ATPase models, we obtained similar fits to the ones in Fig. 2 , B and D. One possible explanation for why the fit curve is well above this off value is that all experimental data sets were fitted simultaneously and not individually. Regardless of that, the corresponding C 50 range of values for the experimental data (5.45 Ϯ 2.24 for n ϭ 1 and 4.26 Ϯ 1.27 mM for n ϭ 2; Table 4 ) encompassed the models' C 50 range of values (3.25 Ϯ 0.00 and 4.25 Ϯ 0.01 mM for the 1:1-per-ATP and 2:2-per-ATP model, respectively; Table 3 ). Other authors have observed a similar insensitivity of parameter estimates to a single data outlier (25, 26, 44 Table 1 ). For all ion variations in the two compartments (lumen and cytosol) and for both models, K ϩ and NH 4 ϩ always flowed in the lumen-to-cytosol direction (i.e., these ions were reabsorbed by HKA). In addition, Na ϩ and H ϩ always flowed in the cytosol-to-lumen direction (i.e., these ions were secreted by HKA), except for luminal pH values Ͻ5.6 (both models), where H ϩ is reabsorbed (Figs. 3A,c and 4A, (Figs. 3B,a and c, and 4B,a and c). Therefore, this high sensitivity of ion net fluxes to changes in cytosolic [Na ϩ ] and pH suggest a role of nongastric HKA in both the Na ϩ and pH homeostasis in cells where it is expressed, such as the TAL and MD cells (29) .
Differences between the 1H ϩ (1Na
)-per-ATP and 2H
ϩ (2Na
The most notable differences between the 1:1-per-ATP and 2:2-per-ATP models can be observed in the NH 4 ϩ net flux profiles shown in Figs. 3,a-c, and 4 ,a-c, where the NH 4 ϩ flux was ϳ10-fold larger in the 1:1-per-ATP model. Furthermore, there were notable differences in ion net flux profiles when the luminal or cytosolic pH varied. In this regard, when luminal pH was Ͻ2 Fig. 2, A and B for the 1:1 model and C and D for 2:2 model) was fitted using Eq. 38 [Hill coefficient (n) ϭ 1 for the 1:1 model and n ϭ 2 for the 2:2 model] to obtain C50 (see Normalization methods in the APPENDIX). (Fig. 3A,c) , the Na ϩ efflux that resulted from Na ϩ /H ϩ exchange (luminal pH Ͻ 2) slightly increased compared with the Na ϩ efflux that resulted from the ATP hydrolysis (i.e., Na ϩ /K ϩ plus Na ϩ /NH 4 ϩ exchange, luminal pH Ͼ 2). On the other hand, in the 2:2-per-ATP model (Fig.  4A,c) , the Na ϩ efflux that resulted from Na ϩ /H ϩ exchange )-per-ATP models may be due to 1) the difference in ion stoichiometries and 2) the different rate constant sets that resulted after solving, independently for each model, the optimization problem in Eqs. 7-9 (e.g., the large difference between the cytosolic on binding rate constants of NH 4 ϩ and K ϩ for the 1:1-per-ATP model; see Model calibration). Despite the differences between both models, the ion net flux profiles of both models were practically the same under normal cytosolic or luminal pH (i.e., pH Ͼ 6). 
ϩ ], and pH were set as in Table 1 (Net flux simulation). The graph shown in c was zoomed to appreciate small-scale ion net fluxes (left). Positive fluxes are into the cell, and negative fluxes are out of the cell. H ϩ flux reverses at pHl of ϳ5.6 (solid circle). B:
ϩ )-ATPase ion net flux as a function of cytosolic ion concentration, assuming that the total density of protein ET is 1 pmol/mm tubule. When not varied, lumen and cytosol [Na ϩ 
, and pH were set as in Table 1 (Net flux simulation). Graphs in a and c were zoomed to appreciate small-scale ion net fluxes (left). Positive fluxes are into the cell, and negative fluxes are out of the cell. Na ϩ flux reverses at a pHc of ϳ4.8 (solid circle). (43) in Table 1 ]. For comparison, we carried out the simulations shown in Fig. 2 in Ref. 43 . Specifically, we solved the ATPase mathematical model in Eq. 1 and computed the ATP hydrolysis (i.e., K ϩ net flux) using Eq. 6 and varying the luminal pH from 0.3 to 8.0 (Fig. 5) . The curves (in continuous line) correspond to different model rate constants: gastric 1:1-per-ATP model rate constants of Brzezinski et al. (6) and Weinstein's renal 1:1-per-ATP and 2:2-per-ATP model rate constants (43) ( Table 2 ). The three resulting ATP hydrolysis profiles (continuous lines in Fig. 5 ) were similar to those shown in Fig. 2 in Ref. 43 . We also show the simulations (dashed lines in Fig. 5 ) using our nongastric 1:1-per-ATP and 2:2-per-ATP model rate constants (Optima in Table 2 ). Note that the outcomes (dashed lines in Fig. 5 ) were within Weinstein's renal 1:1-per-ATP and 2:2-per-ATP models.
ATPase hydrolysis by nongastric HKA in Na
When [Na ϩ ] ϭ [NH 4 ϩ ] ϭ 0 in both the lumen and cytosol, the HKA kinetic system results in only one reaction cycle: the H ϩ /K ϩ exchange cycle. Therefore, we can determine the luminal pH where equilibrium is achieved (i.e., the luminal pH where net ATP hydrolysis is zero) using Eq. 33 in the APPENDIX, the ion concentrations in Table 1 [ Fig. 2 in Weinstein's IMCD model (43) ], and the equilibrium concentration constant (K eq ) for the different HKA models (Table 2) . Only two models achieve equilibrium at pHs within the range shown in Fig. 5 Table 2 ]. Weinstein's modification was necessary to adjust Brzezinski et al.'s gastric HKA model to one that is more suitable in the collecting duct. On the other hand, our 1:1-per-ATP and 2:2-per-ATP models are based solely on experimental data from nongastric (colonic) HKA extracted from the rat distal colon, which is located in areas under slightly acidic to neutral pH. In addition, we selected our K eq based on the experimental conditions in Ref.
9 (see Thermodynamic restrictions on the rate constants in the APPENDIX). Consequently, using different experimental data and different assumptions in the model formulation resulted in ATP hydrolysis profile differences that became clear in Fig. 5 .
DISCUSSION
The role of nongastric HKA in ion homeostasis of cTAL and MD cells is unresolved. To begin a quantitative analysis of this issue, we developed two mathematical models that predict the ion fluxes through a nongastric HKA. One model assumes a 1H ϩ :1K ϩ -per-ATP stoichiometry, and the other assumes a 2H ϩ :2K ϩ -per-ATP stoichiometry. Both models include competition between both cytosolic Na ϩ and H ϩ and luminal K ϩ and NH 4 ϩ (Fig. 1) , a behavior that has been observed in vitro and in situ (9, 29) . To our knowledge, these are the first mathematical models of a nongastric HKA that include Na ϩ and NH 4 ϩ transport. Our models build on two previous models of gastric HKA [Brzezinski et al. (6) and Weinstein (43) ], which is expressed in other renal cells.
Here, we explored the possibility of both a 1H ϩ (1Na
per-ATP stoichiometry of nongastric HKA. Model outcomes showed that both models provided good fits to the experimental data (Fig. 2) . Therefore, based solely on the model fits to the experimental data, we are unable to conclude which is the most suitable model. Moreover, with the exception of NH 4 ϩ flux, which is ϳ10-fold higher for the 1:1-per-ATP model, both models behaved similarly under cell and luminal pH values Ͼ6 (Figs. 3, A,c and B,c, and 4, A,c and B,c) .
The results of this study also illustrate the power of nonlinear optimization techniques in the development of transporter models. These methods provide a means to systematically include all applicable experimental studies and constraints in a single simultaneous fitting. Although these methods are more complex than nonlinear regression, they greatly facilitate parameter estimation in models of complex transporters like nongastric HKA. 3 The mathematical approach to obtain the luminal pH at which ion net fluxes are zero when both Na (Figs. 3B,a and c, and 4B,a and c) . This suggests a possible role of nongastric HKA in cell pH and Na ϩ homeostasis in, for example, MD and cTAL cells. To put this into the whole cell perspective, we must consider the ion transport through nongastric HKA and its effect on ion transport through other transport proteins.
For example, regarding cell pH, in the MD/cTAL region of the nephron, luminal Na ϩ can be very low as a result of flowdependent tubular fluid dilution by TAL cells. This reduces the trans-apical Na ϩ gradient in the cortical region and may limit H ϩ extrusion by the apical Na (34) . In this scenario, Na
)-ATPase should exceed that of the basolateral membrane through Na ϩ -K ϩ (NH 4 ϩ )-ATPases and nonselective cation channels, which are known to be permeable to Na ϩ (22). In contrast to Peti-Peterdi et al. (29) , Lorenz et al. (23) concluded that the tubuloglomerular feedback response, which is tightly linked to MD cell Na ϩ homeostasis, is dependent on basolateral Na ϩ -K ϩ -ATPase and is intact in mice lacking nongastric HKA. Although these conflicting conclusions may just reflect a species difference between mice and rabbits, it could also be due in part to methodological issues. In particular, the experiments of Peti-Peterdi et al. (29) Fig. 1 (41):
where ⌬G is the Gibbs free energy, R is the gas constant (8.3145 J·mol Ϫ1 ·K Ϫ1 ), T is temperature, ⌸ denotes the product, Ci is the concentration of the ith solute, C o is the standard concentration for diluted solutes, which is equal to 1 M, and i is the stoichiometric number of the ith solute, which is taken as positive when the ith solute is produced or released and negative when it is consumed or binds to the enzyme. Using Eq. 29, based on the experimental conditions in Ref. 9 (where the temperature, pH, and Mg 2ϩ concentration are 37°C, 7.2, and 4 mM, respectively) and from Fig. 1 , the multiplication of the rates in the clockwise direction must equal the multiplication of the rates in the counterclockwise direction. For the first cycle, this is as follows:
This can be written as follows: (38) independently to each experimental data set i (shown in Table 1 ) as a function of the variable bath ion concentration (Cion). The Hill model parameters are the maximum enzyme activity (J max, i exp ), the halfmaximal ion concentration (C50, i) and the Hill coefficient (n), which was set to a value of one for the 1H ϩ :1K ϩ -per-ATP model and two for the 2H ϩ :2K ϩ -per-ATP model. The fitting was done with the MATLAB function nlinfit, which solves nonlinear regression problems and gives SEs on the parameters. The Hill model parameters and R 2 values for the fittings are shown in Table 4 . We need to mention that Eq. 38 depends only on the variable bath ion concentration, which is not the same approach as using a mathematical model that considers the synergism among all solutes in and out of a cell and their interaction with the enzyme.
The enzymatic pathway of an ATPase, such as nongastric HKA, can be expressed in a general form with the following chemical reaction system (14) : e ϩ ATP º e ATP ¡ k cat e ϩ ADP ϩ P i (39) where e is the enzyme, eATP is the enzyme-ATP complex (also known as the active intermediate), and kcat (in s Ϫ1 ) is the enzyme turnover rate, i.e., the number of molecules that are converted to product at a given time on a single-enzyme molecule when all its active sites are occupied.
We used E T (from Eq. 27) to normalize the enzyme-state densities and kcat to normalize the reaction rates. Specifically, in the model system, Eq. 1, we computed the fraction of enzyme state instead of the density by dividing each enzyme state (e i j ) by ET, the total density of ATPase. As a result, each term of the linear system in Eq. 1 and the model fluxes in Eqs. 2-6 are in units of s Ϫ1 . We normalized the model linear system in Eq. 1 and the model ion fluxes in Eqs. 2-6 by dividing both sides of each equation by the enzyme turnover rate k cat to render them in dimensionless form.
For the 1:1-per-ATP and 2:2-per-ATP models, the rate constants corresponding to the on and off binding of ATP, ADP, and P i are fixed and assumed equal to those reported by Tanford et al. (37) , as Brzezinski et al. (6) and Weinstein (43) 
